ABSTRACT

28
Structural chromosomal rearrangements that may lead to in-frame gene-fusions represent a 29 leading source of information for diagnosis, risk stratification, and prognosis in pediatric acute 30 lymphoblastic leukemia (ALL). However, short-read whole genome sequencing (WGS) 31 technologies struggle to accurately identify and phase such large-scale chromosomal 32 aberrations in cancer genomes. We therefore evaluated linked-read WGS for detection of 33 chromosomal rearrangements in an ALL cell line (REH) and primary samples of varying DNA 34 quality from 12 patients diagnosed with ALL. We assessed the effect of input DNA quality on 35 phased haplotype block size and the detectability of copy number aberrations (CNAs) and 36 structural variants (SVs). Biobanked DNA isolated by standard column-based extraction 37 methods was sufficient to detect chromosomal rearrangements even at low 10x sequencing 38 coverage. Linked-read WGS enabled precise, allele-specific, digital karyotyping at a base-39 pair resolution for a wide range of structural variants including complex rearrangements and 40 aneuploidy assessment. With use of haplotype information from the linked-reads, we also 41 identified additional structural variants, such as a compound heterozygous deletion of ERG in 42 a patient with the DUX4-IGH fusion gene. Thus, linked-read WGS allows detection of 43 important pathogenic variants in ALL genomes at a resolution beyond that of traditional 44 karyotyping or short-read WGS.
INTRODUCTION
46
Our ability to sequence complete human genomes has increased owing to next generation 47 sequencing (NGS) technologies, but detecting the whole spectrum of somatic single 48 nucleotide variants (SNVs), copy number alterations (CNAs), and structural variations (SVs) 49 in cancer cells is still challenging as SVs and CNAs remain the most difficult variant classes 50 to discern in genomic data (1). A major reason for this limitation is that the human genome is 51 diploid, consisting of a maternal and a paternal set of homologous chromosomes, and 52 molecular haplotyping of alleles across large genomic regions is beyond the resolution of 53 current short-read NGS technologies (2). 54
New "linked-read" technology, by which single molecules are massively barcoded in a 55 microfluidic format and subsequently sequenced using short-read NGS technology, allows 56 determination of molecular haplotypes across mega-base regions of the genome (3,4). An 57 advantage of linked-read whole genome sequencing (WGS) over standard short-read WGS 58 is its enhanced ability to detect the breakpoints of large-scale SVs and to provide long-range 59
Linked-read data analysis
Illumina HumanOmni2.5 Exome-8v1 SNP arrays according to the manufacturer's 153 specifications (Illumina). CN alterations were called from the SNP array data using the Tumor 154 Aberration Prediction Suite (30) . 155
156
RESULTS
157
Eighteen sequencing libraries of which 13 were prepared with GemCode reagents and five 158
were prepared with Chromium reagents were sequenced from 12 primary samples collected 159 from pediatric ALL patients at diagnosis and from the REH ALL cell line using different types 160 of input DNA ( Table 1) . The 18 libraries were sequenced to an average coverage of 14x and 161 32x for GemCode and Chromium, respectively. The number of phased SNPs ranged from 162 69-99% (mean 93%) and the longest phase blocks ranged from 0.3-18 megabases (Mb) in 163 size (mean size 7 Mb) (Supplementary Table S2 ). The quality and type of input DNA as well 164 as the sequencing coverage had the largest effect on the length and quality of phasing, 165 however the majority of large structural aberrations in the ALL genomes remained detectable 166 in un-phased regions in lower coverage libraries. 167
168
Effect of input DNA
169
High molecular weight DNA (HMW DNA) resulted in the longest phase blocks that spanned 170 14-18 Mb of DNA, whilst standard column-based DNA preparations that had undergone 171 repeated freeze-thawing without selection for HMW DNA fragments yielded shorter phase 172 blocks ranging from 1-14 Mb ( Table 1) . The sizes of the longest and the N50 phase blocks 173 correlated with the average size of the input DNA estimated by the Long Ranger software 174 (Figure 1A-B) . Shorter haplotype blocks were generated for the libraries prepared byDNA was freshly prepared from two samples harboring t(12;21) or t(9;22) and were 179 compared to DNA extracted with a column-based method. GemCode libraries were prepared 180 and sequenced to 10x coverage from each DNA sample. The expected genomic breakpoints 181 were identified in both the HMW and standard DNA libraries (Figure 1A-B) . However, the 182 cumulative number of common barcodes shared between the two loci of each translocation 183 yielded stronger signal intensities in the HMW DNA (60,044 and 26,316, Figure 1C-D,  184 respectively) compared to the standard column-based DNA samples (12,733 and 7,500, 185
Figure 1E-F, respectively). 186
To determine the utility of whole genome amplified (WGA) DNA for long-range 187 phasing we compared the phasing performance of DNA that had been subjected to WGA 188 (ALL_370.1) to that of standard genomic DNA (ALL_370.2). Not unexpectedly, the sample 189 that had been subjected to WGA prior to sequencing library preparation (ALL_370. (Figure 2A-B) . The linked-read WGS estimates of copy numbers correlated perfectly with 219 that from the arrays and with the karyotype for ALL_370 and ALL_689. A third patient 220 (ALL_47) with "normal" (failed) karyotype at diagnosis was suspected to have the HeH 221 subtype based on a previous study (18) . For this patient we verified the HeH karyotype in the 222 linked-read WGS data to be +4,+5,+6,+9,+10,+12,+14,+17,+18,-19,+19,+21,+21,+22, which 223 was verified by CNA analysis (Table 1; Figure 2C ). The copy neutral loss of chromosome 19 224 (uniparental disomy) was visible in the linked-read WGS data by an overrepresentation of 225 homozygous SNVs on chromosome 19 (Supplementary Figure S1) 1) and that the two fusion genes (ETV6-RUNX1 and DCAF5-ETV6) originated from the 247 second allele (haplotype 2) of ETV6 ( Figure 3D ). Linked-read WGS resolved the exact 248 breakpoints on chromosomes 3, 12 14 and 21 that were expected, and identified several 249 additional alterations that were missed by genetic analysis at diagnosis. Of which, DCAF5 250 (chr14) and the reciprocal RUNX1 (chr21) loci were separated by a 44 Mb insertion of a 251 region originating from chromosome 2q on the derived chromosome 14q ( Figure 3E) . 252
Furthermore, a 650 kb region from chromosome 3p21.31 was inverted and inserted into the 253 derived chromosome 3q21.2 arm where the material from chromosome 12p was 254 translocated. A schematic overview of the derived chromosomes determined by linked-read 255 Supplementary Figures S3-S4 . 256
WGS and validated by FISH is outlined in
The structure of the complex rearrangement involving chromosomes 4, 5, 12, 16 and 257 21 in the REH cell line as determined by linked-read WGS was consistent with the reported 258 karyotype (Supplementary Figure S5) . Both alleles of chromosomes 12 were involved inof chromosome 12 is involved in a balanced t(5;12) translocation with a flanking 0.6 Mb 261 deletion at the ETV6 locus. The second allele was involved in a series of translocations 262 between chromosomes 4, 12, 21, and 16 in which the ETV6-RUNX1 fusion gene was 263 formed. RNA-sequencing confirmed expression of ETV6-RUNX1 from t(12;21) and RUNX1-264 PRDM7 from t(16;21), but no expressed fusion genes were observed arising from the other 265 breakpoints ( Figure 3C ). The inversion of chromosome 12p13.2-q23.1 expected from the 266 karyotype was observed in the linked-read data. A duplication of chromosome 18 and an 267 inversion of chromosome 5 were expected according to the REH karyotype, however we did 268 not find evidence of these aberrations in the linked-read WGS or Infinium array data. 269
The genome of patient ALL_402 was expected to harbor the t(9;22) translocation. 270
Unexpectedly, linked-read WGS revealed a much more complex rearrangement involving the 271 Figure S6) . In addition to the deletion of chromosome 9p21 273 reported in the karyotype, on chromosome 8 we detected a 35 Mb deletion (8p11.23-p23.3) 274
and an amplification starting at 8p11.23 and continuing through the entire q-arm ( Figure 4A) . 275 RNA-sequencing verified that the 5' end of BCR is fused with the 3' end of ABL1, the 5' ends 276 of the reciprocal ABL1 and SIL1 loci form a head to head translocation resulting in two 277 truncated transcripts, the 5' end of LINC01128 is fused with the 3' end of SIL1, whilst the 5' 278 end of PRRC2B is fused with the reciprocal 3' end of the BCR gene ( Figure 4B) . None of the 279 complex rearrangements were phased in the linked-read sequencing data, but in this 280 instance the phasing information was not necessary to fully resolve the structure of the 281
breakpoints. 282
Taken together, we show that linked-read WGS has the power to detect both 283 aneuploidies and translocations such as t(12;21) and t(9;22), and highly complex 284 translocations that were either missed or miss-annotated by traditional karyotype analysis byinitially detected in large-scale RNA-sequencing studies (15, 16, 31) . The DUX4-IGH fusion 290 gene results from an insertion of the DUX4 gene (subtelomeric region of chr4q and 10q), into 291 the enhancer region of the IGH locus (chr14) (32). Prior to discovery of the DUX4 292 rearrangement, this putative subgroup was referred to as "ERG-deleted" because of a high 293 prevalence of ERG deletions and an otherwise normal karyotype (33,34). As was expected 294 for the two patients with DUX4-IGH (ALL_390 and ALL_501), largely normal karyotypes were 295 observed, with the exception of a large 93 Mb deletion on chromosome 6q14.1-q27 in 296 ALL_390 (Supplementary Figure S7) . A large 6.5 Mb phase block on chromosome 21q22 297 enabled detection of a compound heterozygous deletion of ERG transcript variant 1 (NCBI 298
Reference Sequence: NM_182918.3) in ALL_390 with a 57.2 Kb deletion on haplotype 2 299 spanning exons 3-10 and a second 9.3 Kb focal deletion of exon 1 on haplotype 1 (Figure  300 5A). The Long Ranger software was not able to resolve the insertion of the 1.2 Kb DUX4 301 gene into the enhancer region of the IGH locus in either patient. However, upon visual 302 examination of raw reads with the aid of the Integrated Genome Viewer, we were able to 303 identify split linked-reads supporting the insertion of at least one copy of DUX4 into the IGH 304 locus in the Chromium library ALL_390.2, but not in the lower coverage GemCode libraries 305 Figure S8) . 306
ALL_390.1 or ALL_501 (Supplementary
The most common fusion gene partners of ZNF384 are the TCF3 and EP300 genes. 307
Linked-read WGS determined the chromosomal breakpoints at base-pair resolution for the 308 (Figure 5B-C) . The heterozygous 310 deletions expected from karyotyping were resolved by the linked-read WGS data to include 311 most of the q-arm of chromosome 7 (7q21.3-q36.3) and chromosome 6q16.2-q22.33 in 312 ALL_604. Although both Long Ranger and CNVnator failed to call the two aforementioned 313 deletions, they were visible in both the linked-read sequencing coverage and Infinium array16q21-q24.3 and an amplification of the entire q arm of chromosome 1 were observed in the 316 linked-read data. No other large-scale aberrations were detected in the two ZNF384-317 rearranged cases. 318
One patient with a PAX5-ELN fusion gene (ALL_707) detected by RNA-sequencing 319 and short-read WGS was included (11). The karyotype indicated two derived chromosomes 320 (chromosome 7 and 9) as well as a 9p deletion. Using linked-read WGS, we were able to 321 better resolve the aberrations including the translocation t(7;9)(q11;p13) resulting in a 322 derived chromosome 9 harboring the PAX5-ELN fusion gene, a truncated chromosome 7, as 323 well as a heterozygous deletion of the chromosome 9p arm with the breakpoint in the PAX5 324 locus on 9p13 (Supplementary Figure S10) . The structure of the resulting derived 325 chromosomes based on the linked-read WGS data is outlined together with FISH validation 326
in Figure 5D -F. 327 328
T-ALL 329
Based on karyotype, a bi-allelic deletion of chromosome 9p21 and two translocations were 330 expected involving chromosomes 7 and 9 and chromosomes 7 and 11 in ALL_559. The 331 homozygous deletion of chromosome 9p21 was clearly resolved in the linked-read WGS 332 data (Supplementary Figure S11) . Previously generated short-read WGS and RNA-333 sequencing data identified two translocations involving the T-cell receptor beta locus (TRBC2 334 gene) on chromosome 7, namely t(7;11)(q34;p15)[RIC3-TRBC2] and t(7;9)(q34;q31) 335 resulting in the fusion of TRBC2 to a non-annotated transcript expressed on chromosome 9 336 between the TAL2 and TMEM38B genes (11). The linked-read data clarified that the two 337 different alleles of TRBC2 were involved in independent translocation events, as opposed to 338 two different parts of the same allele in the case of a reciprocal event. First, the 339 t(7;11)(q34;p15) resulting in expression of RIC3-TRBC2 was a consequence of a balanced 340 translocation of chromosome 7 involving one allele of TRBC2 (Figure 6A) . On the otherkaryotyping and short-read WGS (11). FISH verified the derived chromosomes determined 344 by linked-read WGS (Figure 6D-F) . 345
Detection of key diagnostic deletions for ALL
347
To further demonstrate that linked-read WGS is useful for detecting other types of 348 aberrations than large-scale aneuploidies and translocations, we screened the 13 genomes 349 
conclusions. 375
Linked-read WGS requires long input DNA molecules to gain the most benefit from 376 the technology (3). However, when working with clinical samples, high molecular weight DNA 377 extraction and handling of HMW DNA is not practical in most clinical settings. Therefore, we 378 chose to utilize DNA from patient samples that were prepared using a commonly used 379 column-based DNA extraction method. Although the average length of the DNA was lower 380 than the 50 Kb recommendation by the vendor 10x Genomics, our results show that DNA 381 samples of suboptimal quality are also highly informative for detection genomic aberrations 382 with linked-read WGS, with the exception of whole-genome amplified (WGA) DNA. In all 383 instances where we compared HMW DNA to DNA from standard column extractions, and in 384 most cases where we compared low-coverage GemCode to Chromium library preparation, 385 the results were concordant. Although HMW DNA enabled phasing over chromosomal 386 breakpoints, which makes interpretation of the chromosomal structure and organization 387
In the present study, we focused on detecting large-scale structural aberrations, 396 which are the most relevant type of aberrations for clinical care in ALL (39). We did not 397 address rare somatic SNVs or small insertion-deletions (indels) that are also detectable in 398 linked-read WGS data, which may be of clinical relevance in ALL (11, 12, 40 
Availability of data and materials
406
The linked-read WGS, RNA-sequencing and 450k DNA methylation array data sets from the 407
REH cells have been deposited at GEO (GSE116057, submission in progress). Previously 408
generated data from Infinium HumanMethylation450 BeadChips (450k arrays) are available 409 at the GEO (GSE49031). The copy number data generated from the 450k DNA methylation 410 array and SNP array used to determine copy number alterations (CNA) in the ALL patients is 411 available at GEO (submission in progress). The patient/parent consent does not cover 412 depositing data that may be used for large-scale determination of germline variants in a 413 repository. The ALL samples were collected 10-20 years ago from pediatric patients aged 2-414 15 years, some whom have deceased. The linked-read WGS data and other dataset 415 analyzed in the study are available upon reasonable request from the corresponding author 416 Jessica.Nordlund@medsci.uu.se. A summary of additional data sets available for each 417 patient is provided in Supplementary Table S1 ,XY,del(7)(q11),der(9)t(7;9)(q11;p13),del(9)(p13p24) ALL_559 T-ALL ALL_559 Standard column GemCode 9 61 0.81 2.36 0.43 8 46,XY,der(7)t(7;9)(q34;q31),t(7;11)(q34;p15),der(9)t(7;9)(q34;q31)del(9)(p21p2 1),del(9)(p21p21) 
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